
- 

A~~AO76 149 TEXAS UNIV AT AUSTIN DEPT OF CHEM!:RY 

- 

FF0 20/12 
~~~~SEMICONDUCTOR ELECTRODES. 26. SPECTRAL SENSITIZATION OF SEMICON ETC (t

OCT 79 C D JAEGER . F F FAN • A J BARD N000L4—1e—C—O592
UNCLASSIFIED TR~ le NL

____ 
I
_ _ _ _

--U

a _ _ _ _



~~~~ TT’ ~~~~~~~~~~~~~~~~~~

~~EVEV
OFFICE OF NAVAL RESEARCH

COflt
~~~ti

fl4_78_C_O592

Task No. MR 051-693
il—Ill TECHNICAL REPORT ~io. 4

i ’, 
~~ ~.emiconductor Electrodes. 26.

Spectra l Sensitization of Semiconductors

t .- 

- 

with Phthalocyanine

-~~~ -~~~ 
- - - 

by

• /~,‘, Calvin D.)Jaeger, Fu-Ren F./Fan and Allen J.J Bard

7

Prepared for Publication ( 1/ 7 ‘ /

in the -

t Journal of the American Chemical Society

h •- -

~

‘ /

C1) The -Univers ity of Texas at Austin
Department of Chemistry

Austin , Texas 78712

October 31 , 1979

Reproduction in whole or in part is permitted for
any purpose of the United States Government.

This document has been approved for public release
and sale; its distribution is unlimited .

~~~: 
79 110& o58

— Sk__~~~~. — ~ —•—— —_— .—-—— —



~~~~~~~~~~~~~~

!C~CUPI l v  .:. I( ~~T~~ ) P 1 01 T I.u .. PA~5L (IYhc n i}i.f~ i~n l . ~~.d )

k~•~~r r.ccu~ i~~~~~irs ~~ r t ~ 
R EAD 1NSTR U~~T~ONS-. - ‘ ‘ ‘ ‘ ‘ ~~~~ .‘j— BEFOI~E CoMpLET~ ;c; ~O~ M

1 . REPORT NJ~~~~ R 2. GQ~~ ~~~ l~1p1 plo. 3. flEC IP IEHT’ S CAT1.LCJG IIUMb2~R

4
4. T i T L E  (and Subllli.) 5. TY PE OF REPORT 6 PERI~~C COVERED

Semiconductor Electrodes. 26. Spectra l 1 ~ ~~~ 31 A
Sensitization of Semiconductors with ept. to ug. 0

Phthalocyanine 6. PERFo RMING ORG. REPORT NUMBER

7. A UT N~~R(.) 
— 0. CONTRACT OR GRANT NUU8ER(a)

Calvin D. Jaeger , Fu-Ren F. Fan and
Allen J. Bard N00014 78 C 0592

9. PERFORMING O R G A N I Z A f l O N  NAME A ND ADDRESS 10. PROGRAM ELEMENT , PROJECT . TASK

Department of Chc-r~istry A R E A 6 W ~~R~~ U!4IT NUMBERS

Universi ty of Texas at Austin yJ’ / I
Aust in , TX 78712

II. C ONTROLLING OFFICE N A M E  A N D  ADDRESS 12. REPORT DATE

Office of Naval Research October 31 , 1979
800 N. Quincy 13. H U M B E R O F PAGCS

Arlington , VA 22211 31
14. M ONITORING AG ENCY NA: 4E & ADD RESS(1I diiior.ni frooi ConlroUin& 0111 c.) 15. SECURITY CLASS. (of UI. r.por t)

Unclassified
ISa. OECLAS SIFICAT ION/ DOWNGRA DING

SCHEDULE

16. DISTRIBUTION STATEMENT (of hi. R.porl)

This document has been approved for public release and sale;

its distribution is unlimited .

17. DISTRIBUTION STATEMENT (of tie. ab.1,aci .nt.r.d in Block 20, II dIff.ranl Ira., R.po,t)

IS. SUPPLEMENTARY NOTES

Prepared for publicat ion in the Journal of the American Chemi cal Society

IS. KEY WORDS (Conti nu, on rev•r.u aid. II n.c..•a.ry and idantily by block ,,uiober)

semi conductors
spectral sensitization
phthalocyanine

20. ABSTRACT (Conh’nu. on r,v.,ao aid. if n.c..aary and id.nti1~ by block flLrn,b.U)

~~~ Spectra1 sensitization by metal-free phthalocyanine (H,Pc) fil ms was
observed on various semiconductor electrodes (single crystal n-TiO~,, n-
SrTiO , n—W0 , n-ZnO , n-CdS , n-CdSe , n—S i , and n-GaP; SnO conductl’ng glass).
The s~ectral

3responSe of the sensitized photocurrent was ~enerally the sa~e
as the absorption spectrum of the phthalocyanine . The rather thick (400 A
to 1 ~~

) H Pc films showed both anodic and cathodic photocurrents depending
upon the a~p1ied potent ial. The anodic photocurrents represented the usual

____________ ~a J t  —~~~~~~~~~~ n~~~.aaa ~~~~~~~~ Y , ~~~~~~~~~~~~~ . r  _ ‘
~~~

DO r o  1473 EDITI~)II OF NOV CE IS
S/N 0Ifll~ O L ~~~6b0I  _ L L~J1.~~~ECI.IplI~l’, CLAE~ IFICA1’ ION ØF THIS PAGE (E’71.n Data lf. ,f.r. d~

~~ l I  ~~~~~~~

L ~~~~~~



~~~~~~~~TY  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

sensitization of the n-type semiconductor , while the cathodic photocurrents
were attributed to p—type behavior of the phthalocyanine itself. The
current-potential curves of the semiconductor electrodes depended on the
nature of the H2Pc film , the presence of a redox couple (i.e., 

p-hydroquinone/
p—benzoquinone) in solution and the wavelength of the i rradiating light.
The magnitude of the steady state sensitized photocurrent was linear with
light intensity and was strongly affected by the addition of a supersensi-
ti zer.

[~~çEs~ ON for f
NTIS White Section 

~~Butt Section D
I UNANNOUNCED 0

JUSTIFICATiON

BY —

D1STfflBU11UNI~1MUB~.ffT ~ tS
01st . AVAIL , and/or PE~!~

~4H~~
____  ~~~~~~~----~~SS——-S—.——.——--

SECURITY CLASSIFICATION OF THIS PAGt(U ~t.n bar. EnI.r&d~

L _ _ 
_ _ _ _ _ _ _  

_ _ _ _ _ _‘ - 5—
________ ‘-5— -.—. _..__&‘_ .. ,. — “.1. ~~~~~~~~~ ~ —.‘ . ~~~~~~~~~~~~~~~~~~~~~~~



SEMIC ONDUCTOR ELECTRODES. 26.

SPECTRAL SENSITIZATION OF SEMICONDUCTORS

WITH PHTHALOCYANINE

Calvin D. Jaeger , Fu-Ren F. Fan and Allen J. Bard

Depa rtment of Chemistry

The University of Texas at Austin

Austin , Texas 78712

(ABSTRACT)

Spectral sensitization by metal-free phthalocyanine (H2Pc) films was

observed on various semiconductor electrodes (single crystal n—TiO 2, ri-SrTiO3,

n-W03, n-ZnO , n-CdS , n-CdSe , n—Si , and n-GaP; SnO2 conducting glass). The

spectral response of the sensitized photocurrent was generally the same as

the absorption spectrum of the phthaloc yanine . The rather thick (400 A to

1 u rn) H2Pc films showed both anodic and cathodic photocurrents depending upon

the applied potential. The anodic photocurrents represented the usual sensi-

tization of the n-type semiconductor , while the cathodic photocurrents were

attributed to p-type behavior of the phthalocyanine itself. The current-

potential curves of the semiconductor electrodes depended on the nature of

the H2Pc film , the presence of a redox couple (i.e., p-hydroquinone/p-benzo-

quinone) in solution and the wavelength of the i rradiatin g light. The mag—

nitude of the steady state sensitized photocurrent was linear with light

intensity and was strongly affected by the addition of a supersensitizer.

(End of Abstract)
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Introduction

Many studies have been conducted utilizing dyes to sensitize reactions

at semiconductor and metal el ectrodes.~~
5 Such sensitization is of interest,

because it provides information about the nature of charge transfer between

excited states and electrodes and , from a more practical standpoint , because

it allows the utilizati on of l onger wavelength light to promote photoprocesses

at semiconductors . The problem with utilizing dye sensitization to increase

the efficiency of semiconductor processes arises primarily from the relatively

low absorbance of the monolayer films of dyes adsorbed on the surface. This

results in a very low overall quantum efficiency in terms of incident (rather

than absorbed) light. The use of concentrated solutions of dyes (>lO ’
~ M)

to mai ntain adsorbed monolayers can reduce the sensitized photocurrents ,

because the dye solution i tself acts as a filter and thereby decreases the

light intensity at the electrode surface. The use of thick insoluble dye

films6 has generally not proven successful because of the high ohmic resistance

of these films. Gerischer has , in fact, suggested that not much can be gained

by using dye multilayers because of the ohmic resistance to electron transfer

and an increased quenching probability .1 With the exception of sensiti zation

by adsorbed dyes on sintered zinc oxide electrodes ,7 the overall quantum effi-

ciency for these processes is usually quite small. We report here spectral

sensitization on semiconductor electrodes by thicker metal-free phthalocyanine

(H2Pc) films (400 A to 1 urn thick).

Sensitizati on by phthalocyanines is of interest for a number of reasons.

Research on these materials has been very active recently,8 and much is known

about the redox behav ior of these species in sol ution,9~~° the catalytic

activity of phthalocyanine electrodes (e.g., in fuel cel1s)~~~
3 and their

photoproperties .14
~~
7 These compounds have many characteristics which suggest 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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that they might be useful sensiti zers for semiconductor electrodes : (1) They

absorb light strongly in the visible region of the solar spectrum; (2) a wide

variety of metal phthalocyanines have been prepared which allow a range of

different compounds wi th different energy levels (i.e., redox potentials);

(3) many phthalocyanines are readily available , very stable , and insoluble

in water; (4) the redox behavior of these compounds has been studied exten-

sively; (5) the phthalocy anines often exhibit semiconducting behavior.

The initial studies reported in this paper concern the utilization of

films of H2Pc primarily on single crystal n-type semiconductors. The results

are discussed according to a proposed mechanism of reactions of excited dye

molecules on semiconductors 1 and the relative positions of the energy levels of

the semiconductors , H2Pc and the redox couples in solution . The acti on spectra

of the sensitized photocurrent and the current-potential (i-V) behavior are

presented . The dependence of the sensitized photocurrent on light intensity

and the concentration of a supersensiti zer in solution is discussed . The

stability of these systems both in the dark and under illum ination and the

p-type semi conductor properties of the H2Pc films are also described .

Experimental

Materials. The metal-free phtha l ocyanine was purchased from Eastman

(Rochester, N.Y .)  and purified by repeated sublimation. The single crystal

semiconductors were obtained from several sources (CdSe and CdS , Cleveland

Crystals; GaAs , GaP and Si , Monsan to; ZnO and SrTiO3, Atomergic; TiC2, Fuji

Titanium ; W03, Sandia). All of the semiconductors were n-type . Unless

stated otherwise all other chemicals were reagent grade and the water had

been triply distilled from an alkaline potassium permanganate solution . Ohmic

contacts were made to the back of the semiconductors . An electrical contact

~~-S~~~~— 
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was made to this ohmic contact using silver conducting paint (Acme Chemicals ,

New Haven , Conn.). On the back and sides , five minute epoxy cement (Devcon

Corp., Danvers , Mass.) was used to cover the electrode and mount the crystal

to a glass tube.

The films were prepared by sublimation in a vacuum deposition apparatus

(Vacuum Engineering Co., North Billerica, Mass.). The H2Pc was placed in a

porcelain crucible. The H2Pc was heated under vacuum (lO s to lO
..6 

torr) by

means of a tungsten wi re (0.060 inch in diameter). A current of 20 A , which

corresponds to a crucible temperature of 400-450 °C, was passed through

the wire . The electrode substrate was abou t 25 cm above the crucible. The

film thicknesses of the sublimed H2Pc were determined by spectrophotometric

methods, while that of thick films (>5000 A) were based upon the weight and

density of H2Pc (1.5 g cm
_3
)8b. The absorbance at 5750 A was measured for

0

a 5000 A film and from the known thicknesses an absorption coefficient of

4xlO4 cm
’
~ was found. Other film thicknesses were estimated by comparing

their absorbances wi th that of the 5000 A film. From the absorption spectrum

the deposited H2Pc is mainly in the ci form .

Apparatus. The electrochemical cell utilized a three electrode system

with a saturated calomel electrode (sce) reference and a platinum wire sepa-

rated by a glass frit as the counter el ectrode. The cell had an optically

flat Pyrex window on the side. Before all experiments the solutions were

deaerated with prepurified nitrogen .

A PAR model 173 potentiostat and PAR model 175 universal programmer

(Princeton Appl i ed Research Corp., Princeton , N.J.) were used for the elec-

trochemical experiments . The dc i-V curves were recorded directly from the

output of the potentiostat on to a Houston Instruments (Austin , Texas) Model

2000 X-Y Recorder. The action spectra and the sensitized i-V behavior were

L -5 5 5 - —  ~~ - - - - 5 . - — . - —~~~~-~~~~~~~~~-—~~~~——.-~~~~~ — - ~~~~ .~~~~~~~ - ‘, —~ ~~ -~~~~~~~~~~~~~~~~~~~~~
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recorded using chopped light and a lock-in amplifier . Two different

systems were used in these experiments . One

system utilized a 2500 W xenon l amp and power supply (Schoffel Instr . Co.,

Westwood , N.J.), a monochrornator (Jarrell-Ash , Wa l tham , Mass.), a PAR Model

192 variable frequency chopper , a PAR model 5204 lock-in amplifier and a

Bascom—Turner 8110 recorder (Newton , Mass.). The other system used a 450 W

xenon l amp and power supply (Oriel Corp., Stamford , Conn.), an Oriel Mono-

chromator and a PAR HR8 lock-in amplifier. The light source used in the

intensity and concentration studies was a Spectra Physics Model 132 He-Ne

laser. All photocurrent -action spectra have been normalized against the

power output of the l amp-monochromator.

Results and Discussion

Energy Levels and Mechanism for Photosensitized Currents. The relative

energy levels for the n-type semiconductors studied along with H2Pc and

several redox couples are given in Fig. 1. The Ferm i level at the flat-band

potential (Vfb) for the semiconductors lies just below their respective con-

duction band (GB) edges. For bulk H2Pc the Fermi level is found slightly

closer to the valence band (VB) (VE = 0.5 + 0.1 V , Vc8 = -1.1 + 0.1 V , and

VVB = +0.8 + 0.1 V vs. nhe).’17 The location of the energy levels of the H2Pc

are relati vely insensitive to pH19 while those for most of the semiconductors

shift wi th pH)8’20 If not mentioned otherwise , all solutions were buffered

at pH 7 (0.25 M phosphate buffer).

Both anodic and cathod ic photocurrents attributable to light absorption

by the H2Pc were observed with a given 
semiconductor , depending upon the applied

potential . The observed anodic sensitized current depended upon the relative

position of the energy levels of the semiconductor and H2Pc. For example , no

anodic sensitization was observed for the n-GaP-H2Pc electrode , because , as

4 
- -
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shown in Fig. 1 , the conduction band of GaP (at pH 7) lies above that of

H2Pc . On the other hand , for the W0 3-H2Pc el ectrode , an anodic sensitized

current was observed in the presence of hydroquinone (HQ) beginning at a

poten t ia l  of “~ -0.1 V vs. sce and reaching a limiting value at more positive

potentials. A cathodic photocurrent was found at more negative potentials

with benzoquinone (BQ) (Fig. 2). In this case , the respective Fermi levels

of n-W03 and H2Pc are quite close with the conduction band edge of H2Pc lying

above tha t of the W0 3.
To he lp  exp l a in  the experimental results , we first describe the proposed

model for these photosensitized processes , as shown schematically in Fig. 3.

Because , for most of the cases discussed here, the H2Pc films were thin (~40O A)

and the carrier levels within these films was probably rather low , the space

charge region at the H2Pc/serniconductor interface extends to the H2Pc/solution

interface.21 Thus a simplified parallelogram -shaped energy l evel diagram (rather

than a single Schottky barrier at the H2Pcjsemiconductor interface) was assumed

for the H2Pc phase. Such a constant field approximation has been used for even

thicker films in solid state photovo l taic. cells with H2
Pc)6 When a sufficient

positive potential is applied and the electrode is illuminated (with li ght of

energy greater than the band gap energy (Eg) of the H2Pc but l ower than the E
9

for the semiconductor) an anodic current is observed (Fig. 3B). The electron-hole

pair formed in the H2Pc film separates under the applied electric field and the

electron migrates to the semiconductor-H 2Pc interface while the hole moves to

the H2Pc solution interface. An intermediate level has been proposed for phthalo-

cyanine22 and such a level may be involved both in mediating electron transfer to

the conduction band of the semiconductor and hole transfer to a redox couple in

solution , as shown in Fig. 3B. When a negative potential is applied under illumi-

nation , causing band structure shown in Fig. 3C to exist , a cathodic photosensitize d

5-
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current is observed. In this case , holes created within the H2Pc migrate toward

the substrate semiconductor while the electrons move to the solution interface .

With a negative bias the applied potential causes the bands in the semiconductor

to bend downward producing degeneracy at the surface of the n-type semiconductor.

Its behavior approaches that of a metal and the observed photoeffects are due

solely to the H2Pc. The photogenerated holes in the H2Pc can recombine with

the electrons from the semiconductor either through the intermediate level

or via the valence band of H2Pc. Cathodic photocurrents on phthalocyanine-

metal electrodes have been reported previously .15 The redox couple (HQ/BQ)

acts as a supersensitizer.
’
~

Photocurrent -wavelength Response: Oxide Semiconductors. The anodic and

cathodic photocurrent action spectra for the oxide serniconductor-H 2Pc electrodes

are shown in Fig. 4. All curves represent i rradiation with modulated light

(100 Hz) and phase sensitive detection. In genera l , at applied potentials posi-

tive of the Vfb of the semiconductor , the photosensitized currents were anodic ,

while at potentials negative of Vfb~ 
the photosensitized currents were cathodic.

For example for H2Pc on SnO2 conducting glass (Fig. 4A), the SnO2 glass acts

only as a contact and the cathodic photoeffect is due solely to the H2Pc. The

photocurrent action spectrum (a) is very similar to the absorption spectrum

of H2Pc on glass (b). For the Sn02-H2Pc electrode , as the applied potential

was made more positive , the intensity of the cathodic photocurrent decreased .

As shown in Fig. 3, at more positive potentials a larger barrier for electron

transfer from the Sn02 to the H2Pc would be present. Generally, as shown in

Fig. 4, both the anodic and cathodic photosensitized currents with the other

wide band gap oxide serniconductor-H 2Pc electrodes were all close to the absorp-

tion spectrum of H Pc. For the TiO and SrTiO -H Pc electrodes , the magnitude

of the photosensitized current was potential dependent. The cathodic photo—

current decreased as the applied potential was made more positive. F’loreover

at a given potential just positive of the Vfb of Ti02 (or SrTiO 3), a cathodic

~ 
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photosensitized current was observed at longer wavelengths (A > 500 nm) m d  an

anodic photocurrent due to the band gap excitation of the rIO2 (or SrTiO 3) was

found at shorter wavelengths (A < 450 nm). Thus with the Ti02 and SrTiO 3-H2Pc

electrodes there is a small potential region near Vfb where the energetics are 
H

favorable for electron transfers either to or from the H2Pc.

Current-potential Behavior: Oxide Semiconductors. Generally, all of the

ox4de semiconductor-H2Pc electrodes showed similar i-V behavior (see Figs. 2

and 5). For example , in Fig. 5 i-V curves for TiO2 and TiO 2-H2Pc electrodes

for a 10 mtl HQ solution under illumination with chopped light are compared .

The light was chopped to show the difference between the dark and the photo-

current. The photoresponse of the TiO2-H2Pc electrode under irradiation with

lig ht of energy less than the Eg for Ti02 (i.e., with a yellow fi l ter, Oriel

G 772-4750, 50% transmi ttance , 1, at 500 nm and <1% T at 465 nm) is shown in

Fig. 5d. At negative potentials a cathodic photocurrent is observed due to

the H2Pc. At positive potentials , only a small photoanodic current attributable

to H2Pc sensiti zation is found. Moreover there is a potential region of about

0.2 volts (—0.225 V to -0.425 V vs. sce) where anodic and cathodic photocurrents

under while lig ht illumination are possible (depending on whether HQ or BQ is

present in the solution) , an anodic photocurrent due to the Ti0 2 absorption and

a cathodic photocurrent from the H2Pc. As shown in Fig. Sc,

for the Ti02-H2Pc electrode in the presence of HQ an anodic spike is observed

at potentials positive of Vfb when the electrode is illuminated ; such a spike

is not found on an uncoated Ti02 electrode in the presence of HQ (Fig. Sb). This

anodic spike can be attributed to photooxidation of H2Pc at the Ti02-H2Pc interface

by holes photogenerated in the T102. This oxidized H2Pc is reduced by the solu-

tion HQ, but this rate may be sluggish because of the poor mobility of the charge

carriers in H2Pc.
24b When the light is turned off, a cathodic dark current spike

is observed at potentials between about 0.0 V and -0.325 V vs. sce. The dark

- ~~~~~~~~~ -, -,~~~~~~~~~- 5 s 5 5- -5’ -5~~~~~~~ - 5 5  _ _ _ _ _ _ _ _
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cathodic current siike night involve the back electron transfer from h O 2 to

the photooxidized H2Pc and the reduct i on of BQ to HQ generated during the illum i-

nation period. Note that reduction of BQ to HQ is possible at potentials negative

of 0 V vs . sce, as shown by the i-V curve at Pt (Fig. Sa). Such dark reduction

processes do not occur at the uncoated Ti02 electrode follow ing photooxidation

(Fig. 5b). This suggests that the H2Pc on the electrode sur face p rov id es sur-

face states or an intermediate level for this back electron transfer. Such

behav i or has been observe d for other se mi con duct or elec trodes .23

The i-V curves for the W03-F-l2Pc elec trode durin g i l lum i na tion w it h lig ht

of less energy than Eg of W0 3 (i.e., A > 590 nm) at potentials negative of

V fb show that the cathodic photocurrent is strongly affected by the presence

of benzoquinone (Fig. 2C). In the case of the artodic sensitized photocurrent

(Fig . 2B) , the presence of hydroquinone (HQ) affects the photocurrent-potential

behavior . Wi thout HQ during a potential sweep , the anodic sensi tize d photo-

current reaches a max imum at about +0.05 V vs. sce and then decreases probably

because the H2Pc itsel f is oxidized . In the presence of HQ the sensitized

photocurrent reaches a limiting value which is related to the concentration

of HQ and its diffus ion to the electro de surface .

Dependence of Sensitized Photocurrent to Light Intensity . The dependence

of the sensitize d photocurrent for the oxidation of HQ on light intensity for

the T IO 2-H2Pc (a) and W03-H2Pc (b,c) electrodes is shown in Fig. 6. In both

cases the photocurrent depends linearly on light intensity .24a These ex periments

were conducted with a He-Ne laser (1.7 mW , 632.8 nm) and neutral density filters

to vary the light intensity . Based upon the maximum photocurrent (i
n
) for a

W03-H2Pc (400 A) electrode , the inci dent quantum efficiency , ~~~, was calculated

for both the anod i c and catho di c sens i t i zat i on , by dividing the current flow

by the incident light flux. The monochromatic quantum efficiency in terms of

incident radiation was = 7.61 x 10~~ for the anodic photocurrent (i~ = 66 nA)

and 
~c 

= 4.03 x lO~~ for the cathodic photocurrent (i~ = 350 nA). The efficiencies

_ _ _ _ _ _  _ _ _  _ _
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in terms of absorbed photons , 
~ 

and are about 1.6 x 1O~~ and 8.48 x l0~~,

respectively. The values for and are based upon an absorbance of 7 x l0~ cm~

for the 400 A thick H2Pc film. These low efficiencies indicate that considerable

recombination must be occurring. H

Dependence of Sensitized Photocurrent to Concentration of HQ/BQ. The

steady sta te H2Pc-sens itized photocurrent depended upon the addition of a

su itable supersensitizer (Fig. 7). Thus for W03 at positive potentials , the

addition of a small amount of HQ sharp ly increased the anodic photocurrent

(curve a). A similar dependency was observed with h O 2 (curve c). After this

sharp increase at low concentrations , the current tended to level off, suggesting

that internal electron-hole pair recombination , rather than the oxidation of

the H2Q was governin g the current. A similar effect was observed for the cathodic

photosensitized current at WO3 (curve b). The sensitized photocurrents of the

oxide semiconductors remained constant under extended irradiation . For example

the photocurrents at WO 3-H2Pc remained constant for at least three hours in the

presence of HQ or BQ (Fig. 8). Note that in this experiment the cathodic photo-

current was over 100 times larger than the anodic one . Similar stabilit y was

also found for H2Pc films on h O 2 and Sn02.

H2Pc Films on Small Band-gap Semiconductors. The behavior of semiconductors

wi th E g_values smaller than that of H2Pc was also investigated . The primary

motivation for these studies was the possibility that films of H2Pc might

stabilize the semiconductors from anodic photodissolutior i; previous attempts
25 ,26 . 27,28at such stabi l izat ion of semiconductors with metal or 1102 films

have been reported. Photosensitized cathodic currents attributable to H2Pc

could be observed , e.g. wi th n-Si (Fig. 9c); in this case the semiconductor

again behaved as a contact to the H2Pc film. The observed action spectra were

somewhat broader than that predicted by the absorption spectrum of H2Pc. For

n—GaAs (Fig. 9a) anodic photosensitization would not be expected , since it

absorbs light of longer wavelen gth than H2 Pc. In this case the H9Pc layer merely

-5— - - — —-- —‘--5 .5, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _.. ~~ ~~~~~~~~~~~~~~~~~~~~~~~ — ,—-—_. ‘- -—— •—— .— .— ‘• . - -—-—- ,  ___‘55--’~~ _.~~~~
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acted as a filter so that the observed anodic photoresponse was smaller with the

H2Pc film than i n its absence .

We found no long term stabi l izat ion of the semiconductors CdS , CdSe , and

GaP from photocorrosion by coating with even rather thick (1 to 1.5 pm) H2Pc

films under conditions where the bare electrodes corrode. The evidence for such

instability of coated electrodes was the decreased photocurrents under intense

band gap illumination (>100 mW/cm 2 ) for extended periods (longer than 4 hours)

and the production of photocorrosion products on the electrode surface. We

suggest , in line with previous studies involving coatings with TiO 2,
27 ’28 tha t

the fi lms have small holes or cracks which eventual ly allow decomposition re-

actions of the substrate semiconductor. Additional evidence for incomplete

coverage by the H2Pc film is the observed shift in the potential for photo-

sensitized anodic current onset with pH over a pH range of 1 to 9 (~63 + S mV/

pH unit) for H2Pc coated W03, SrT1O3, and TiO 2 electrodes. Such a shift would

appear unlikely for H2Pc itself and signals some kind of involvement of the

substrate material even for the photosensitized process.

- 5 - -- _ _ _ _ _  ‘--5 --,- - ---5 - -
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Conclusions

The photosensitization of semiconductor electrodes by metal-free phthalo-

cyanine films has been clearly shown . The action spectrum of the sensitized

photocurrent of semiconductor-H 2Pc elec trodes where both anodic and cathodic

photocurrents are observed , genera lly compares well with the absorption spectrum

of H2Pc. The si gn of the photocurrent depends upon the applied potential . At

potentia ’
~s very positive of V fb the effect is anodic an d at very negative poten-

tials it is cathodic. This effect is sim ilar to that found by Honda , ~~~~~l5b

for films of metal phthalocyanines on semiconductors. The i-V curves show that

the presence of the H2Pc , and also of hydroquinone , markedly affect the behavior

of an illuminated semiconductor electrode. The observation of dark cathodic

peaks suggests the presence of some intermediate level with in the band gap of

the semiconductor-H 2Pc electrode . Generally, the dependence of the sensitized

photocu rrent on light intensity and concentration of the supersensitizer follows

the behavior previously shown for dye sensitization on semiconductor electrodes .

Although the quantum efficiencies for the observed photosensitized processes

were small and we were unsuccessful in stabilizing small band gap semiconductors

with such films , for the reasons listed in the introduction , phthalocyanines

remain of interest for sensitizing semi conductor photoprocesses. Work is con-

tinuing in this laboratory utilizin g meta l phtha locyanines with other p- and

n-type semiconductor electrodes.
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Figure Captions

Fig. 1 Relative energy level s of semiconductors ,18 H2Pc and redox couples ;

at pH 7, vs. nhe.

Fig. 2 (A) Current-potential curves wi th a 0.5 M Na2SO4, 0.25 M phosphate

buffer , illuminated with light (A > 590 nm). (a) W03 electrode

w/o BQ; (b) W03-H2Pc electrode w/o BQ; (c) W03-I-I2Pc electrode

w/8 mM BQ. Initial potential at zero-photocurrent potential.

(B) Current-potential behavior in a 0.5 M Na2SO4, 0.25 M phosphate

buffer , illuminated with light (A > 590 nm). (a) W03 electrode

w/o HQ; (b) W03-H2Pc electrode w/o HQ; Cc) W03-H2Pc electrode

wh O  mM HQ. Initial potential at zero-photocurrent potential .

Fig. 3 Representation of photosensitized electron transfer. (A) Zero bias.

(B) At positive applied potentials. (C) At negative applied potentials.

Ec~ 
Ef and E~ 

are the conduction band edge , the Fermi energy , and the

valence band edge of semiconductors ; Ec ’ and Ev ’ are the corresponding

energies for H2Pc.

Fig . 4 (A) (a) Photocurrent acti on spectrum for a Sn02-H2Pc electrode i n

I M KC1 , 10 mM HQ , V = -0.6 V vs. sce; (b) absorption spectrum of

H2Pc on glass.

(B) Photocurrent action spectrum for a WO3—H 2Pc electrode in 0.5 M

Na2SO4 and 0.25 M phosphate buffer (pH = 6.9). (a) anodic sensiti-

zation , V = +0.8 V vs. sce, w/SO mM HQ; (b) background photocurrent

of a W03 electrode ; Cc) cathodic sensitization , V = -0.7 vs. sce,

w/8 mM BQ.

(C) Photocurrent action spectrum for a Ti02-H2Pc electrode in 1 M

KC1. (a) anodic sensitization , V = +0.4 V vs. sce , w/l0 mM HQ;

(b) anodic sensitization , V = +0.2 V vs. sce, w/10 mM HQ; (c)

cathodic sensitization , V = -1.0 V vs. sce; (d) cathodic sensitiza-

tion . V = -0.4 V vs. sce.
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Fig. 4 (0) Photocurrent action spectrum for a SrTiO 3-H2Pc electrode in
(cont’d)

1 M KC1 . (a) anodic sensitization , V = -0.4 V vs. sce , w/lO mM

HQ; (b) background photocurrent of a SrTiO3 electrode , V = -0.4 V

vs. sce; Cc) cathodic sensitization , V = -0.6 V vs. sce.

Fig. 5 Current-potential curves with a HC1 , NaC 1 , 10 mM HQ (pH 3.7) solution .

(a) cyclic voltammogram of HQ/BQ on a Pt disk electrode ; (b)

TiC2 electrode illuminated with chopped wh i te light; Cc) TiO2—H2Pc

electrode illuminated with chopped white light ; Cd) Ti02-H2Pc electrode

illuminated with chopped light (A > 465 nm).

Fig. 6 Dependence of sensitized photocu~rrent on light intensity , 1.7 mW

He-Ne laser (632.8 nm). (a) TiO2-H2Pc electrode in 1 M KC1 w h O mM

HQ, V = +0.4 V vs. sce; (b) WO3-H2Pc electrode in 0.5 M Na2SO4,

0.25 M phosphate buffer (pH = 7), w/5O mM HQ, V = +0.8 V vs. sce;

(c) W03-H2Pc electrode in 0.5 N Na2SO4, 0.25 M phosphate buffer

(pH = 7), w/8 ritl BQ, V = —0.7 V vs. sce.

Fig. 7 Dependence of sensitized photocurrent on concentration of HQ/BQ .

(a) W03-H2Pc electrode in 0.5 M Na2SO4 and 0.25 Ni phosphate buffer

(pH = 7), w/HQ, V = +0.8 V vs. sce; (b) W03—H2Pc electrode in 0.5 M

Na2SO4 and 0.25 M phosphate buffer (pH = 7), w/BQ , V = -0.7 V vs. sce;

(c) Ti02-H2Pc electrode in 1 Ni KC1 w/HQ, V = +0.4 V vs. sce.

Fig. 8 Stability of sensitized photocurrent in 0.5 NI Na2SO4, 0.25 M

phosphate buffer (pH = 7), light (A > 590 nm), W03-H2Pc electrode .

(a) cathodic sensitized photocurrent , w/8 mM BQ, V = -0.7 V vs. sce;

(b) anodic sensitized photocurrent , w/5O nil HQ, V = +0.8 V vs. sce.

Fig. 9 Action spectra for (a) anodic photocurrent at n-GaAs-H2Pc, 1 NI KC1 ,

10 mM HQ, V = -0.6 V vs. sce; (b) cathodic photocurrent at n-ZnO-

H2Pc , 1 M KC1 , 10 mM BA , V = -1.0 V vs. sce; (c) as (b) for n-Si-

H2Pc , V = -1.0 V vs. sce. 
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